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It has been stated that the amount of slag from an ordinary 
blast furnace is nearly twice the weight, and five  to six times the 
bulk, o f the iron produced. In 1890 the United States produced over 
9,906,000 tons of pig iron, and of the immense quantity of blast 
furnace slag resulting, only a very small per cent was u tilized  in 
manufacturing products of commercial value. The removal of the slag 
from the furnaces involves the expenditure of large sums of money, 
and ordinarily requires a large dumping ground. When the plant is  
located on a water front, the slag is sometimes used for  a f i l l e r  and 
a land builder; but usually it  is  simply dumped in immense heaps and 
remains a useless waste. The problem of u tiliz in g  the blast furnace 
slag has engaged the minds o f European manufacturers and chemists for 
a number of years.
I f  the molten slag is  allowed to flow into a stream of 
water, it  becomes granulated, forming grains varying in size from the 
finest sand to the coarsest gravel. The finer material has been
found excellent for molding and the coarser material has been used/
to some extent for road metal and ballast on railroads. The manu­
facture of paving and building brick from slag has been tried, but 
with indifferent success. In Belgium a fa ir  grade of glass has been 
made from slag containing large quantities of s il ica . F ertilizers 
have been produced by decomposing the granulated slag in carbonic 
acid, the value o f the product depending upon the quality of slag
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2used. Fire resisting material known as "furnace wool" has also been 
manufactured from blast furnace waste, with fa ir  success.
The above by-products consume but a small portion of the to­
tal amount of slag. There s t i l l  remain large quantities which ought 
to be u tilized , and each discovery of new uses w ill ultimately in­
crease the revenue and decrease-the great expense of removing the 
waste.
From chemical analysis it  is  found that a ll  slags contain 
large quantities of s i l ic a , alumina, iron, and lime, and as a ll  of 
these ingredients possess cementing properties, i t  is  reasonable to 
suppose that when properly proportioned and combined they w ill pro­
duce cementicious material o f some value. Some years ago English, 
German, and Belgian experimenters discovered that granulated slag, 
when finely  powdered, possessed hydraulic properties. They also 
found that i t  acquired i t s  hydraulicity in the process of granula­
tion. The slag underwent no chemical changes, with the possible ex­
ception of eliminating a minute quantity of sulphur as sulphuretted 
hydrogen, but i t s  chemical and physical properties were greatly a lt ­
ered. Le Ohatelier has shown* that i f  slag is  allowed to crysta llize 
slowly under pressure, instead of being granulated it  w ill acquire 
similar properties. This seems to indicate that the heat of crystal­
liza tion  is  latent in the granulated and crystallized slag, and that 
th is latent energy again becomes active in the form of hydraulicity, 
when the powdered granules are brought in contact with water.
The chemical composition of a ll iron ores is not the same,
^Jour. Frank. In st., Mar. 18-1894, p. 84.
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and the chief requisite for successful u tilization  of the slag in
cement manufacture is that the ore shall he approximately uniform in
compositi on, so that separate analysis of each heat w ill not be
necessary. Where coal or coke is used as fu el, the slag frequently
contains a large quantity o f sulphur in the form of sulphides and
sulphates, and these must either be eliminated or changed into more
stable compounds. The proportion of lime and aluminium to s il ic a  is
also of great importance. Professor Tetmajer states6 that the best
results are obtained when about l /2 ,  and that the value of theSiOg x
O  o  O nslag increases with the ratio ~ j, provided Slags in which
this ratio is equal to or less than 1 are not suitable for the manu­
facture of cement.
Table I, compiled from Spaulding’ s "Hydraulic Cement," shows 
the average compositions of European natural and slag cements, and 
also of a number of standard English, German,and American Portland 
cements.
^Annales de les Construction, Ju lliet 1886.
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Slag 16 22.30 14. 63 1.20 49.64 2.50 1.08 7.03 .29 98.67
Portland 12 0.47 22.03 7.98 3.68 61.39 0.95 0.94 .97 1.82 100.28
Natural 32 3.64 21.81 9.56 3.92 50.15 1.86 2.54 5.92 .27 99.67
Prom the table i t  w ill be seen that the hydraulic indexes of 
the cements, i . e . ,  are: slag 0.75, Portland 0.49, and nat­
ural 0.62. This, however, does not mean that the slag cement w ill 
acquire greater tensile strength or prove to be more durable. The 
ore used, the temperature of the blast, and the condition of the 
A l., Mg., and H2S04, during the process of manufacture govern the 
properties and behaviour of the cement produced.
The manufacture of slag cement is comparatively a simple 
process. The molten slag, after being granulated by passing into a 
stream of water, is  f ir s t  thoroughly dried, then pulverized between 
m illstones, and fin a lly  s ifted  or bolted. Then about 25 per cent of 
slaked lime is added and thoroughly incorportted with the slag in an 
apparatus termed "homogenizer." This apparatus usually consists of a 
rotating drum containing a number of iron balls which s t i l l  further 
pulverize the mixture by means of internal fr ic t ion  and incessant 
pounding. After remaining in the "homogenizer" fo r  a su ffic ien t
5length of time, the product is  ready to be packed for the market.
The early manufacturers re-burned the cement and lime, but there was 
great danger of re-calcining and the cement was not improved by the 
operation.
The lime used should be nearly pure and the hydration should 
be complete, or the cement w ill be disintegrated by the action of 
the quicklime. The proper amount of lime to be added is also very 
essential, because when mortar is  exposed to the atmosphere any free 
lime that may exist in the cement w ill change into a carbonate and 
wash out, leaving the mortar porous.
In England the slag cement has been manufactured with 
success for  several years. Although the United States produces 
immense quantities o f iron and stee l, slag cement seems to be com­
paratively unknown in this country. So far as the writer can learn, 
slag cement is manufactured in a tentative way at only one place in 
the United States at present,- Chicago, by the I llin o is  Steel C o.,- 
although according to indefinite rumors the manufacture is shortly 
to be undertaken at Sparrow Point, near Baltimore, Md.
OBJECT OP THIS INVESTIOAT ION.
The purpose of this investigation is to determine, as far 
as possible in the time allowed, the physical properties of slag 
cement. For the sake of comparison parallel experiments w ill be 
made upon two recognized standard Portland cements, v iz . : Alpha and 
Dyckerhoff. These two were selected because of the manufacturer’ s • 
claim that I llin o is  Steel Portland cement w ill hold i t ’ s own among 
standard brands o f domestic and imported Portlands. The I llin o is
6Steel Company manufactures two brands of slag cement, designated in 
the following experiments as Slag No. 1 and Slag No. 2. This in­
vestigation w ill be considered under the following heads: 1, Color;
2, Weight; 3, Fineness; 4, Rate of Setting; 5, Tensile Strength.
COLOR.
Slag cement No. 1 is  a white impalpable powder of a silky 
texture. Cement No. 2 is  a t r i f le  darker than Alpha Portland in 
co lor , and does not have the silky nature of No. 1.
WEIGHT.
The quality o f ordinary hydraulic cement depends upon the 
degree of burning*, other things being the same the greater the heat 
of burning the better the cement. Also, other things being the same 
the greater the weight the better the quality. It was formerly the 
custom to judge of the degree o f burning by the weight per unit o f 
volume; but as the weight per unit of volume depends both upon the 
burning and the degree o f  fineness, it is  of no great value in judg­
ing a cement. .
The sp ecific  gravity o f  a cement is independent of it s  
fineness. Therefore i t  measures the degree o f  burning, and for slag 
cement indicates approximately the amount of lime present.
Table II gives the weight per unit o f volume, and the 
sp ecific  gravity of the four cements used in this investigation.
The weights were determined by means of the American Society of Civil 
Engineers standard measuring apparatus, and the sp ecific  gravity by 
the Le Chatelier volumnometer.
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TABLE II.
Weight and specific Gravity o f  Cements.
Cement
Weight lbs. 
per cu .ft .
Specific
Gravity
Slag No.l 59.69
Slag No.2 83. 73 3.115
Alpha 88.75 3.105
Dyckerhoff 89.37 3.090
FINENESS.
One of the most important requisites for any cement is that 
i t  shall be o f as great a degree of fineness as possible. The 
reason for  this is  readily seen when the function o f the cement is 
considered. The cement must act as a bond between the grains o f 
sand, and i f  the grains are not completely covered with cement it  is 
very evident that they w ill come in direct contact with each other 
and the cohesion w ill be imperfect. The sand carrying capacity of a 
cement is  therefore dependent upon its  fineness.
The relative fineness of the cements considered in this 
investigation are given in Table III. The determinations were made 
with the standard cement sieves.
8TABLE III.
Fineness o f Cements.
Cement
Per cent Passing Sieve No.
50 80 100 180
Slag No.l 99.3 95.2 97.6 90.6
Slag No.2 99.5 98.9 97.1 80.0
Alpha 99.5 95.2 90.4 66.9
Dy ck. 99.7 96.4 91.4 61.9
Rate of Setting.
The rate of setting, or the time in which a cement loses 
it s  p la stic ity , is  o f importance on construction where the time 
element is a governing factor. In general i t  may be said that a 
quick setting cement w ill attain less ultimate strength than one 
which sets slowly.
Table IV gives the rate of setting for the four cements 
investigated. It w ill be seen that Slag No.l is  quick setting as 
compared with Slag No.2. This may be due to an excess o f  lime in 
N o.l.
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table iv .
Rate of Setting of Cements.
Ceme nt
German Test Gilmore Test
In itia l Pinal In itia l Pinal
Slag No.l
Min.
28
Min.
76
Min.
18
Min.
69
Slag No.2 97 87
Alpha 23 415 20 415
Dyck. 101 237 80 225
SOUNDNESS.
Active impurities in a cement w ill cause i t  to swell, check, 
and crack, either during the period of setting or afterward. As 
these e ffects  are objectionable and may even prove dangerous in con­
struction, it  becomes necessary to investigate the behaviour of a 
cement in this respect.
The writer made neat pats of each o f the four cements and 
exposed one of each in dry a ir , in moist a ir , and in water, and ob­
served their behaviour from day to day. At the end of thirty days 
a ll  of the pats exposed to moist a ir and water adhered firmly to the 
glass plates upon which they had been made, and none of them showed 
any signs of checks or cracks. They were then placed in a vessel 
containing cold water, over a Bunsen burner, and after three hours’ 
boiling they s t i l l  remained apparently sound.
The pats stored in dry a ir behaved d ifferently . Slag No.2 
and Alpha adhered firmly to the glass, but the Dyckerhoff and Slag 
No.l loosened from the plates. Slag No.l was also badly cracked,
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while the others shewed no signs whatever of checks or cracks. The 
only pats that showed signs of swelling were those of Slag No.l 
stored in moist and in dry air. After having been 60 days in water, 
a pat of Slag No.l was allowed to dry in the a ir . In three days a 
crack extending across the pat was observed; and in a week or ten 
days, the cement had cracked into small pieces.
The above observations very plainly show that Slag No.l is  
unsound, although i t  is  apparently Sound in moist a ir and water.
This subject w ill be farther discussed under Tensile
Strength.
TENSILE STRENGTH.
Molding the Briquettes. Great care was exercised in making 
the briquettes to obtain uniform density, particularly in the mortars 
to be subjected to the same storage. When possible, a ll briquettes 
of the same proportions of sand and which were to be subjected to the 
same exposure, were made upon the same day, and as near as possible 
under the same atmospheric conditions. Care was also taken to 
eliminate a ll errors of experiment.
In some of the earlier experiments i t  was found that the 
briquettes broke either at the upper or the lower grip of the mach­
ine. This was probably due to the d ifficu lty  of thoroughly tamping 
the mortar into the corners of the molds. In a ll  subsequent experi­
ments the precaution was taken to give the mortar in each corner two 
firm taps with the handle of the trowel, when the mold was about half 
f i l le d . This eliminated to a large extent the irregularity , and 
caused the briquettes to break uniformly at the middle section.
11
In cutting o f f  the surplus mortar and smoothing the top, 
care was taken not to tear the surface.
The mortar was made rather dry, so that it  packed with d if f ­
icu lty  when squeezed in the hand. This involved a t r i f le  more work 
in tamping, but the writer believes that more uniform results were 
attained and the cement certainly acquired greater tensile strength, 
because of the less amount o f voids.
The e ffect of age upon the cement was not determined. The 
slag cement was fresh from the m ills, while the Portland cement was 
the regular laboratory stock kept in iron bins.
Standard crushed quartz was used, the proportions being 
determined by weight.
The Testing Machine. Early experiments developed the fact 
that higher, but a t r i f le  more varying,, results were registered by 
the Riehle than by the automatic Fairbanks machine. The mechanical 
sim plicity of the Riehle warrants the assertion that this machine 
gives the more accurate results. Only a very few of the briquettes 
were broken on the Fairbanks machine.
The writer believes that better results were obtained with­
out the use of rubber guards on the grips than with them. When 
briquettes of high tensile strength were broken, the guards invari­
ably crushed suddenly, causing great in it ia l strains in the mortar, 
and the briquettes broke at lower strength than that recorded by the 
machine before the rubber gave way. This led to the abandonment of 
guards for briquettes o f  high strength. For low strength, the guards 
were used to good advantage, because the stress was more slowly 
applied and great errors in manipulating the balancing arm were
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avoided. In the following experiments guards were used only for 
briquettes of less strength than 200 lbs. per square inch.
Sources o f Error.: In experiments upon cement, accidental
errors and personal equation of experiments a ffect the results to a 
greater extent than in most other lines of investigation. Unfortun­
ately the writer was unable to reduce these errors to a minimum. In 
order to make a thorough investigation i t  was found necessary to 
engage an assistant in the experimental work, and for this reason 
some of the recorded results may show greater variations than might 
be allowable under other circumstances. The writer took especial 
pains to see that a ll  of the briquettes were uniformly made. No 
complete set of tests were le ft  entirely to the assistant. He was 
continually under the direct supervision of the writer, and in each 
set o f  tests the briquettes to bc made- were equally divided between 
the two, so as to equalize the results. In spite of this fact, ex­
cessive variations were found and a thorough revision of the fin a l 
results was made.
From the theory of probability and method of least squares# 
i t  has been found that the maximum allowable error x  in any set of 
observations is equal to the product o f  a constant, dependent on the 
number o f  observations, into the error of a single observation.
This principle was used in the revision,and a ll  tests in which x 
exceeded txv were cast out. The value of the constant _t_ fo r  five  
observations was taken to be 2.44. The probable error was computed 
by the approximate formula; Prob. Error = 0 .8 4  X mean error.
«Merriman’ s "Method of Least Squares," p. 166.
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In order to obtain the best results in any experimental 
investigation at least ten specimens should be tested. The great 
number o f experiments to be performed, brevity of time, and a limited 
quantity of material,prevented the writer from testing th is number, 
and usually only five  were tested.
Effect of Varying Proportions o f Water. In construction 
the behaviour of the cement during the early period of hardening is 
frequently o f great importance, and th is is  especially true where 
more or less inexperienced workmen are employed. The proportioning 
of cement mortar in the f ie ld  is often done by rough approximations, 
and a cement that is sensitive to the amount of water used in gaging 
may prove undesirable.
Plate 1 (page 14) shows the e ffect of varying the propor­
tion o f  water on neat briquettes stored in moist a ir . The minimum 
amount of water used was 20 per cent. Prom this i t  was increased by 
steps of 5 per cent until the mortar was in a sem i-fluid state, and 
until no more water could be added without causing the mortar to 
leak out at the bottom of the molds. Slag No.l took fu lly  five  per 
cent more water than either Alpha or Dyckerhoff. Prom Plate 3 (page 
24) it  w ill be seen that for Slag No.l and Alpha, the greatest loss 
in strength occurs in the change from 25 to 30 per cent of water; 
while Dyckerhoff loses strength rapidly and uniformly as the amount 
of water is increased above 20 per cent. The greatest relative loss­
es are;: Slag No.l 20 fo\Alpha 29^; Dyckerhoff 31^. This shows that 
Slag No.l is  less sensitive to the amount of water used in gaging 
than either Alpha or Dyckerhoff.
This experiment was performed upon neat mortar because it
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was thought that the e ffe ct of fine grinding would he nearly elimina­
ted. In sand-mortar the interstices between the grains of sand may 
not be completely f i l le d  with cement, and the water w ill easily be 
forced by it s  hydrostatic head to the bottom, leaving the upper] por­
tion  of the mortar comparatively dry.
The maximum e ffect of an excess of water is therefore shown 
by tests upon briquettes of neat cement. Without long time tests^it 
is  impossible to state what e ffect the excess o f water w ill have on 
the durability of the mortar; but it  is reasonable to suppose that 
the loss of strength is temporary, and that as the water gradually 
evaporates the mortar w ill attain i t 's  normal strength.
E ffect of Moisture» Since in practice the mortar sets and 
hardens under different degrees of moisture, experiments were under­
taken to determine the e ffect of moisture upon the strength and 
soundness of mortars of various proportions of sand. A series of 
briquettes were allowed to set and harden in moist a ir  for 24 hours; 
a fter which part were placed in dry a ir , part in moist a ir , and part 
allowed to harden under water. Tables V and VI give the deta ils, and 
Table VII the summary, of these experiments. The term "Dry" indi­
cates that the briquettes were stored in the ordinary warm air of the 
laboratory; "Moist" that they were kept in zinc moist chambers; and 
"Water" that they were placed in zinc trays f i l le d  with tap water.
The water was renewed I'egularly every seven days. In gaging 
the water was not measured, but mortars o f the same proportions of 
sand were of about equal consistency.
Effect of Moisture
------  TE-- ---- - ----- ----------
TABLE V.
. Briquettes Stored 6 Days.
Pro­
per- 
tion 
C: S
No.
Tested
Kind 
of -
Water
Time
of
Mix­
ing.
Fit orare
Strength lbs.per sq. in.
Cement X •remp.
U wv  i Cl q  V# —
Maximum :Minimum .Av erage
Neat 5 No. 1 21.0 20 23 m Dry 156 124 142ft 4 No. 2 20.0 19 18 tt 353 295 322»f 4 Alpha 21.0 16 16 tt 319 310 315ft 5 Dyck. 21.0 22 17 tt 364 286 330
Neat 5 No. 1 21.0 20 23 Moist 295 232 257ft 4 No. 2 20.0 19 18 tt 610 528 569»f 5 Alpha 21 0 16 16 tt 684 569 625ft . 
ft 4 Dyck. 21.0 22 17
tt 607 558 578
Neat 5 No. 1 21.0 20 23 Water 353 270 313ft ' 3 No. 2 20.0 19 18 ff 858 594 743ft 5 Alpha 21.0 16 16 ft 649 556 610ft 4 Dyck. 21.0 22 17 ff 612 578 598
1:1 4 No. 1 13.0 20 19 Dry 137 126 131ft 3 No. 2 9.8 21 15 ft 442 312 369ft 5 Alpha 13.0 21 12 t» 395 321 352ft 4 Dyck. 13.0 21 20 ft 327 279 307
1:1 5 No. 1 13.0 20 19 Moi st o 13-14 220 267ft 3 No. 2 9.8 21 15 ft 526 472 503tf 5 Alpha 13.0 21 12 ft 506 418 459ft 5 Dyck. 13.0 21 20 ft 321 297 311
1:1 4 No. 1 13.0 20 19 Wa;ter 236 206 220ft v 3 No. 2 9.8 21 15 tt 542 495 516ft 3 Alpha 13.0 21 12 ft 384 320 36 5ft 5 Dyck. 13.0 21 20 ft 346 290 318
1:2 5 No. 1 8. 5 2:0 13 Dry 72 61 65ft 4 No. 2 7.8 20 14 it 252 205 225tf 5 Alpha 8.9 20 15 tt 242 178 210tf 5 Dyck. 8.5 20 14 ft v 166 137 151
1:2 4 No. 1 8.5 20 13 Moist 112 75 98ft 3 No. 2 7.8 20 14 tt 207 174 195ft 5 Alpha 8. 9 20 15 tt 230 200 214ft 5 Dyck. 8.5 20 14 »» 183 138 155
1:2 5 No. 1 8.5 20 13 Water 103 80 86:;tt 3 No. 2 7.8 20 14 tt 178 166 172tt 4 Alpha 8.9 20 15 tt 207 196 202tt 5 Dyck. 8.5 20 14 tt 156 116 138
Effect
-------------------------FT------------ -- --------
TABLE VI.
o f Moisture. Briquettes Stored 30 Days.
Pro­
por­
tion 
C: S
No.
Tested
Kind
of
Water
Time
of
Mix­
ing.
Strength lbs.per sq. in.
Cement % Temp.
U W V/ t
Maximum Minimum Average.
Meat 5 No. 1 24.2 21 23 Dry 150 124 148n 3 No. 2 20.0 17 20 t» 470 448 459?i 5 Alpha 20.0 15 15 ft 514 526 520ft 10 Dyck. 20.0 18 19 r» 648 462 545
Neat 5 No. 1 20.0 Moist 436ft 3 No. 2 20.0 17 20 1000 900 967fl 5 Alpha 20.0 15 15 tt 870 838 855tt 10 Dyck. 20.0 18 19 tt 872 536 735
Neat 8 No. 1 22.0 21 24 Water 400 360 377ft 3 No. 2 22.0 19 22 ft 775rt 5 Alpha 20.0 15 15 tt 688 576 648ft 10 Dyck. 20.0 14 19 ft 813 628 718
1:1 5 No. 1 26.0 19 14 Dry 190 152 175ft 3 No. 2 14.0 18 20 ft 396 300 359ft 5 Alpha 14.6 18 17 tt 440 342 405ft 4 Dyck. 15.0 20 17 ft 370 320 344
1:1 5 NO-1 16.0 19 14 Moist 500 392 451
" V 3 No. 2 14.0 18 20 ft 600 474 522t» 5 Aplha 14.6 18 17 ft 720 590 655If 4 Dyck. 15.0 20 17 ft 500 434 469
1:1 4 No. 1 14.0 21 17 Water 436 424 428tf 3 No. 2 14.0 18 20 tt 588 582 585f» 3 Alpha 13.0 20 9 ft 562 556 559f» 4 Dyck. 13.0 20 13 ft 458 330 428
1:2 5 No. 1 9.0 20 19 Dry 108 85 97ft 3 No.2 10.3 20 15 tt 316 250 278f* 5 Alpha 8.5 22 14 ft 174 121 144ft 5 Dyck. 8.9 22 16 tf 166 138 155
1:2 5 No. 1 9.0 20 19 Mo i s t 232 208 218ft 3 No. 2 10.3 20 15 ft 356 286 321?? 4 Alpha 8.5 22 14 ft 320 301 308ft 5 Dyck. 8.9 22 16 ft 224 200 216
1:2 5 No. 1 9.0 20 19 Water 172 165 168ft 4 No. 2 10.3 20 15 f! 380 344 355ff 4 Alpha 8.5 22 14 ft 262 226 242ft 5 Dyck. 8.9 22 16 ft 232 185 209 |
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Pro- 
por­
t ion 
C: S
No.
Tested
Kind 
of -
Water
Time
of
Mix­
ing.
Sto rare
Strength lbs.per sq.in.
Cement i Temp. Maximum Minimum Average,
1:3 5 No. 1 8 .9 22 14 Dry 58 47 54
tf 5 No. 2 10.2 21 21 Tf 192 102 147ft 5 Alpha 8.6 21 13 ff 100 80 87
ff 5 Dy ck. 9.0 22 14 fl 105 71 84
1:3 5 No. 1 8.9 22 14 Moist 157 147 150ft 5 No. 2 10.2 21 21 ff 194 n o 154
ff 5 Alpha 8.6 21 13 »f 200 172 190ff 5 Dyck. 9.0 22 14 ft 162 133 152
1:3 5 No. 1 8.9 22 14 Water 127 98 109
2 5 No. 2 10.2 21 21 ff 184 158 171w 5 Alpha I 8.6 21 13 ff 172 146 155
ft 5 Dyck. 9.0 22 14 ft 153 133 144
1 :6 10 No. 1 9.1 18 22 Dry 47 34 41
ff 10 No. 2 8.3 15 18 ft 99 81 88
ff 9 Alpha 8.2 20 18 ff 47 36 41
ff 10 Dyck. 8.6 19 20 ff 38 30 35
1:6 10 No. 1 9.1 18 22 Moist 114 87 104
ff 10 No.2 8.3 15 18 ft 122 98 109
ft 8 Alpha 8.2 20 18 ff 116 88 102
ff 10 Dyck. 8.6 19 20 ft 67 44 56
1:6 10 No. 1 9.1 18 22 Water 89 64 74
ff 10 No. 2 8.3 18 20 ff 102 71 94
tf 9 Alpha 8.2 20 18 ff 62 44 52
ff 10 Dyck. 8.6 20 18 ff 36 27 33
Briquet;tes S1tored 14 D•ays.
Neat 5 No. 1 24.0 15 20 Dry 116
ft ft fl ft ff ff Moist 479
ft ft ff ff tf ft Water 448
Briquelites Stored 90 Ilays.
Neat 7 No. 1 22.0 21 | 23 1 Water J________ 404
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TABLE VII.
Summary of Effect of Moisture 
______6 Day Briquettes.______
Pro- Dry Air Moist Air Water
por­
t ion No.l No.2 Alpha Dyck. No.l No.2 Alpha Dyck. No.l NO. 2 Alpha Dyck
Neat 142 322 315 330 257 569 625 578 313 743 610 598
1:1 131 367 352 307 267 503 459 311 220 516 36 5 318
1:2 65 225 210 151 98 195 214 155 86 172 202 138
30 Day Briquettes.
Neat 148 459 520 583 436 967 855 734 377 775 648 717
1:1 175 354 405 344 451 522 655 469 428 585 559 428
1:2 97 278 144 155 218 321 308 216 168 355 242 209
1:3 54 147 87 84 150( ) 154 190 152 109 171 155 144
1:6 41 88 41 35 104 109 102 56 74 94 52 33
Prom an inspection of Table VII i t  w ill be seen that Slag 
Cement No.2 has greater strength than either of the Portlands, and 
that i t  behaves very much as they do. The only appreciable d if fe r ­
ence is  for the briquettes stored in dry a ir . A very marked d iffe r ­
ence, however, is  observed between the behaviour of Slag Cement No.2 
and N o.l. The la tter has but half the absolute strength of the form­
er when stored in either moist air or in water; and when stored in 
dry a ir , i t  has only l /3  o f the strength of No.2. Why is No.2 so 
much better than No.l?
E ffect of Sulphur. The manufacturer claims that cement 
No.2 is much superior to No.l, because o f the less amount of sulphur 
contained in the former. The w riter’ s observations confirm this
20
claim. From chemical determinations, i t  was found that No.l contain­
ed more sulphides than No.2, while the latter contained more sul­
phates than the former. The exact quantities are as follow s:
Cement No.l: sulphides 1.3$, sulphates 0.16$
" Ho.2: " 0.00$ " 0.62$
The increased amount of sulphates in Ho.2 is  probably due to 
sulphide changing to sulphate during the process of elimination. Un­
doubtedly the slag cement contains a considerable quantity of alumin- 
ates, and i f  this exists in the form of calcium aluminate, i t  w ill 
combine with sulphate in the presence of water and form an insoluble 
crysta llized  compound. I f  the combination occurs before the cement 
has set, the mortar may expand without doing mischief; but i f  for any 
reason the action is  retarded until after the cement has set, it  may 
disintegrate the mortar. When, as in cement No.l, considerable sul­
phide ex ists, it  w ill probably be in the form of calcium sulphide 
while the slag is molten; and upon cooling, the sulphide combines 
with iron oxide to form sulphide of iron. This iron oxidizes readily 
when exposed to moist a ir and forms a sulphate of iron. The presence 
of sulphate o f  iron in cement causes i t  to lose mush of i t ’ s activ ity  
The presence of sulphate of iron in cement is detected by a 
brown or yellow discoloration o f mortar exposed to the a ir . The 
sulphide o f  iron gives to mortars exposed to the action of water, 
a greenish color. The writer observed the brownish discoloration of 
Cement No.l when stored in dry a ir, and also found that briquettes 
stored in the moist chamber and in water showed no discoloration 
whatever, even after sixty days. When the briquettes were removed 
from the water and allowed to dry in the a ir , the brown color became
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apparent in a few days. The fresh fracture o f  briquettes stored in 
moist a ir  and in water exhibited a deep green color which gradually 
faded after a period of drying. Cement No.2 exhibited none of the 
pecu liarities of No.l, although a very light and almost inappreciable 
greenish tint was sometimes observed in the fresh fractures of neat 
briquettes.
The above observations would indicate the presence o f  an 
excessive amount of sulphur compounds in the slag cement, and prove 
conclusively the deleterious e ffect of sulphur in such cement. These 
facts fu lly  account for the great difference in strength shown in 
Table VII.
E ffect of Fineness. From further inspection o f Table VII it  
w ill be seen that the decrease in strength due to an increase in sand 
is more gradual in the slag cement than in the Portlands. This shows 
that the slag cements have good cementing properties. Normal cement 
No.l was sifted  and the portions of different degrees of fineness 
were made into briquettes. After a week’ s storage in the moist 
chamber, the briquettes were broken. The results showed that the
strength o f  the portions passing the No. 30, 100 and 180 were nearly
✓
the same. The portion remaining on sieve No. 50 exhibited weak 
hydraulic properties a fter seven days. This indicates that extreme 
fineness is  not absolutely essential in this cement. The color and 
texture of No.2 cement leads the writer to believe that it  contains 
less lime than No.l. The slaked lime is  naturally of extreme fine­
ness and would impart the silky feeling noticeable in cement No.l.
#■
A glance at Table IV (page 9) shows that with the No. 100 sieve, the 
two slag cements have substantially the same fineness; but with the
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No. 180 sieve No.l is  much finer. I f cement No.l contains more lime 
than No.2, the cause of this difference is  apparent. Overliming of 
cement No.l w ill also partly account for the great difference ob­
served in the behaviour of the two Slag cements.
E ffect o f Age of Mortar. As long time tests were impossible 
the writer has attempted to find the law of increase in strength for 
Slag cement from authoritative data of other experimenters. Table 
VIII*(page 19) and Plate 2 (page 20) give such data.
table v i i i .
Tensile Strength o f  English Slag Cements. 
Pounds per Square Inch.
I Neat 1: 3 Moritars
Cement Days Days _____Month 3
7 28 84 2 4 7 28 3 6 3 9
Lincolnshire 522 585 280 372 390 409
Clev el and 415 507 280 398 428 510
ft 458 560 610 205 285 340 480 532 618 675
Newcastle 430 498 235 350 407 480
ft 560 700 298 420 455 471
Warwickshire 516 545 205 2 62 305
Somersetshire 451 582 601 208 371 343 431
Cleveland 402 485 185 250 325 415 480 505
Note;The above cements were of the same fineness, 10 to 1 5 re­
maining on No. 180 sieve. Standard sand was used in the mortar. 21^ 
of water was used for  gaging neat briquettes, and 9 l/4j£ used in the 
1:3 mortar. The briquettes were exposed 1 day in a ir , the balance of 
the time in water.
6Prom Proc. Inst. C. E ., Vol. CV,,p. 226.
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From the curves in Plate 2 it  is seen that the cement gains 
strength very rapidly during the f ir s t  30 days, and from that time on 
the gain is  slow and uniform. The curve representing the 90 day test 
made on I ll in o is  Steel Portland No.l by the writer, seems to confirm 
this law. Plate 3 shows the results of long time tests of I ll in o is  
Steel Portland in actual practice at various points in the United 
States. These tests show that the increase in strength is not quite 
uniform after the f ir s t  thirty days. Apparently there is  between the 
30 and 180 days a period of decrease, after which the cement gains 
rapidly. This is  in accordance with the general law which most slow 
setting cements follow , and is probably due to decomposition of salts 
formed dxiring the burning. I f  the cement is  excessively overlimed, 
this descrese in strength would probably continue until the mortar 
disintegrated. The increase after the 180 days shows that I llin o is  
Steel Portland is normal in its  general behaviour when exposed in 
water.
Effect of Chimney Gases. Table IX gives the results of ex­
periments upon briquettes stored for  thirty days in the flue leading 
from the boilers to the chimney in the old heating plant o f the 
University of I ll in o is .
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TABLE IX.
Effect of Chimney Gases on Neat Cement.
Pro-
No. Cement
Wa ter Time
Mix­
ing.
Storage
Strengthpor­
tion X Temp. Condition
Neat 5 No.l 24.2 21 23 Boiler Flues 82
I f 3 Alpha 2 1 .4 19 23 ft ft 568
ft 5 DycK. 2 1 .4 20 23 I f ft 336
Neat 5 No.l 2 4 .2 21 23 Dry Air 149
ft 5 Alpha 2 1 .4 19 23 ft ft 782
ft 5 Dyck. 2 1 .4 20 23 ft ft 536
The briquettes were kept a week in the moist chamber before being 
placed in the flue. At the time the experiment was made the tempera­
ture of the flue gases at the point of storage was between 400 and 
500 F.
Cement No.l showed greatly discolored and very irregular 
fractures in the broken briquettes. The yellow discoloration ex­
tending into the mortar to a depth of a quarter o f  an inch. jne 
Alpha and Dyckerhoff gave clean, sharp fractures, and in no case did 
the discoloration extend to a greater depth than a sixteenth of an 
inch. Slag No.l probably contains more lime than either of the 
others, and the deterioration is very likely  due to the action of th< 
acid flue gases upon the lime and the bases of the cement. It is  
plainly evident that the Slag Cement No.l is  unsuitable for  masonry
exposed to the action of heat and gases.
Effect of Frost: The e ffect of freezing cement mortar
with the cement used, and there seems to be a difference of
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opinions in regard to what extent it  a ffects the durability of the 
mortar Some authorities claim that the mortar deteriorates, while 
others claim that i t  is  improved by freezing. This point can be 
settled in any given case only by estensive experiments extending 
over a long period of time. The question of the e ffect during the 
early period of hardening arises, and the writer has attempted to 
throw some light upon this subject by observing the behaviour of neat 
briquettes exposed for  thirty days to the coldest winter weather.
The minimum temperature during the period of exposure was 2.5°P ., the 
maximum 55.2° F ., and the average 33.0°F. The molds were set out as 
soon as the briquettes were made, and i t  was found that they froze 
so lid  in less than ten minutes. The f ir s t  series of briquettes were 
allowed to freeze for  24 hours, a fter which they were brought into 
the laboratory and removed from the molds. The specimens were placed 
in hydrant water, and after three hours i t  was found that a ll the 
briquettes had been reduced to shapeless heaps of the consistency 
of so ft mud. The only indications of any hardening whatever being 
a very thin crust on the fla t sides of the briquettes. After re­
maining in the water for a week or ten days, the shapeless masses 
showed considerable hardening, and at the end of three weeks the 
Alpha and Dyckerhoff had apparently become of normal hardness. Slag 
Cement N o.l, however, lost greatly in weight, and did not regain i t 's  
normal hardness. When dry i t  had the appearance of coarse gritty  
chalk with a very loose structure and could easily be crumbled be­
tween the fingers.
A second series o f  briquettes were allowed to freeze unin­
terruptedly during thirty days. The results are given in the follow-
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ing table:
TABLE X.
Effect of Freezing Neat Cement Mortar.
Pro- 
por­
t ion
No. Cement
Water Time
Mix­
ing.
Strength
Temp.
Neat 5 No.l 23.1 20 18 229
ff 4 Alpha 22.9 19 12 556
»» 5 Dyck. 22.3 19 17 426
Reasoning from the f ir s t  to the second series of experiments 
i t  seems that the e ffect of frost is  to retard the hardening of the 
cement; and that i f  cement mortar is subjected to continuous freez­
ing, it  w ill slowly attain its  fu ll  strength. The appearance of the 
Slag cement No.l in the f ir s t  series also shows that this particular 
cement is  sensitive to rapid alternations of freezing and thawing.
The broken briquettes of Cement No.l also showed greater d istortion  
due to freezing than either Alpha or Dyckerhoff.
Since the degree of moisture during the winter season is  
approximately equivalent to what has been described as "moist a ir 
exposure" in the preceding experiments, a comparison w ill be made 
between briquettes exposed to winter atmospheric conditions and moist 
a ir exposure, to determine the relative strength of briquettes sub­
jected to these two exposures. The following table shows the result 
of this comparison.
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TABLE XI.
Comparison of Warm with Cold Air Storage. 
Pounds per sq. in.
Kind of Exposed 30 days to Loss in
Cement
Winter
Temperature
Warm Moist 
Air
Strength
Blag No.l 229 436 47.5
Alpha 545 683 20.2
Dyckerhoff 426 855 50.2
Comparing the above results with those in Table VI, it  w ill 
be seen that briquettes frozen for  30 days possess less strength 
than the same briquettes exposed in moist air for 6 days.
E ffect o f Sea Water: The e ffect of sea water upon cement
mortar is a mooted question, and in recent years numerous laboratory 
experiments have been made on this subject, but as yet the results of 
d ifferent experimenters do not lead to the same conclusions. Prom 
observations made upon mortar used in submarine work, it  has been 
found that the e ffect of sea water varies greatly with the cement 
used, but in general is  harmful. Observers generally agree that 
ordinary cement mortar hardens more rapidly in sea water tnan in 
fresh water. This difference is usually most noticeable with neat 
cement. Although the strength is  gained more rapidly, the fin a l 
strength seems to be somewaat less. Cements containing small quanti­
ties  of free lime give much greater early strength in sea water than 
in fresh water, but are also sooner disintegrated by the action of 
sea water. M. Canlot found from his experiments that cements con­
taining high per centages of aluminate are most affected by sea
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water, because of the action of chloride of magnesium and sulphate 
of magnesium salts upon the calcium aluminate.
The writer made a series of thirty day tests of cement 
mortars stored in a r t if ic ia l  sea water. The sea water was composed 
of 1 part by weight of d is tilled  water and 0.044 parts of Ditman's 
Sea Salt. This salt is  a commercial a rtic le  produced by evaporating 
ocean water and eliminating the inorganic material from the residue. 
Table XII gives the results o f the experiments. The letters  F.W. 
and S.W. in this table indicate that fresh water and sea water was 
used in gaging the mortar. A comparison of the results obtained 
from briquettes gaged and stored in sea water, and those gaged and 
stored in tap water is given in Table XIII.
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TABLE XII.
Effect o f Sea Water. Briquettes Stored 30 Days.
Pro­
por­
tion
C:S
No.
Tested
Kind
of
Cement
i
Water ■
Time
of
Mix**
Strength lbs.per sq.in .
<sf/° remp. Kind ing. Maximum Minimum javerage
Neat 4 No. 1 25.0 19 P.W. 18 556 498 528*1 5 No. 1 23.0 26 S.W. 18 520 440 488
fl 5 No. 2 20.0 18 S.W. 18 1030 1008 1023
ff 4 Alpha 19.0 22 P.W. 15 1030 940 1004
ff 5 Alph a 19.0 27 S.W. 16 900 630 770
ff 4 Dyck. 19.3 19 P.W. 17 848 810 825
ft 5 Dyck. 19.3 25 S.W. 17 740 632 675
1:1 5 No. 1 14.0 19 P.W. 12 410 330 365
ft 5 No. 2 13.4 18 S.W. 8 614 426 534
ff 5 Alpha 11.5 19 P.W. 8 580 454 502
ff 5 Dyck. 12.8 19 P.W. 7 474 430 458
1:2 4 No. 1 8.7 23 s .w . 11 158 124 137
ft 5 No. 2 8.9 19 ff 8 248 214 229
ft 4 Alpha 8.0 23 ff 8 280 256 269
ff 4 Dyck. 8.0 23 ff 8 235 222 230
1:3 4 No. 1 7.5 22 ft 9 99 93 97
ff 5 No. 2 9.3 18 ff 9 198 148 170
ff 5 Alph a 6.3 23 fl 16 146 108 130
ff 5 Dyck. 7.5 23 fl 7 151 134 142
1:6 10 No. 1 8.6 22 fl 18 56 46 50
"V 10 No.2 8.4 18 ff 12 104 78 86
ft 10 Alpha 8.6 22 ff 10 76 60 68
ft 10 Dyck. 10.0 22 ff 10 57 50 54
Bri<:juette s Sto red 60 Days.
, Neat 5 No. 1 23.0 26 s?w . 18 600 540 570
ft 5 Alpha 19.0 27 fl 16 940 630 809
ft 5 Dyck. 19.3 25 ff 17 908 750 844
Neat 3 No. 1 25.0 19 P.W. 18 630 588 604
ff 4 Alpha 19.0 22 ff 15 1030 916 989
f» 5 Dyck. 19.3 19 ff 17 890 780 834
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TABLE XIII.
Comparison of Effects of Fresh and Sea Water Storage for  30 Days.
Neat 1: 1 1: 2 1: 3 1:: 6
Cement
F.W. S.W. F.W. S.W. F.W. S.W. F.W. S.W. F.W. S.W.—  
No. 1
= = = = =
377 488 428 365 168 137 109 97 74 50
No. 2 775 1023 585 534 355 229 171 170 94 86
Alpha 648 770 559 502 242 269 155 130 52 68
Dyck. 713 675 428 458 209 209 144 142 53 54
From the above i t  is seen that the cements a ll behave about 
the same. The neat briquettes show considerable gain in strength by 
the sea water treatments, while the same mortars show throughout a 
small decrease. Whether this decrease w ill continue indefin ite ly , 
or whether a period of increase w ill set in with the lapse of time, 
or whether the strength w ill remain constant, is  impossible to state. 
Some of the neat briquettes from the above lo t  were allowed to remain 
in the sea water for  sixty days, and the following table shows that 
the briquettes gained in strength with a longer exposure.
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TABLE XIV.
Comparison of Effects of Sea Water and Fresh Water in Gaging;.
Cement No. Gaged with
Strength lbs.per sq.in
Stored in Sea Water.
30 Days 60 Days
No.l 5
- .-
Sea Water 488 570
No. 1 3 Fresh Water 525 604
Alpha 5 Sea Water 770 809
Alpha 4 Fresh Water 1004 898
Dyck. 5 Sea Water 675 844
Dyck. 5 Fresh Water 825 834
It is also noticed that when the mortar is  gaged! with fresh 
water and allowed to harden in moist a ir fo r  twenty four hours before 
immersing in sea water, it  attains a greater strength than when 
gaged' with sea water. These facts argue in favor of gaging a ll  
mortarsto be used in submarine work with fresh water and allowing it  
to harden in air before exposure to the action of ocean water. There 
is  no appreciable difference between the behaviour of Slag Cement 
No.l and the standard Portlands when exposed in sea water.
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C O N C L U S I O N .
As the purpose of this investigation has been primarily to 
determine the value of blast furnace slag for the production of 
hydraulic cement, the writer w ill not lim it himself to one brand of 
slag cement in arriving at his fina l conclusions. A given slag may 
have the most desirable qualities for the production of a high grade 
cement, but the finished product may be of very in ferior quality 
because of unscientific manufacture. Furthermore, slags in general 
might be useful for cement production, whereas the clinker from a 
given plant might prove almost worthless. It is  evident that limited 
experiments would therefore lead to erroneous conclusions.
Perhaps the strongest evidence o f the value of slag cement 
lie s  in the fact that i t  has been manufactured in large quantities 
with apparent success in Europe. In 1890 there were in Germany ten 
slag cement mills with an annual output of 600,000 tons. England and 
Belgium have also produced large quantities in recent years. The 
results of experiments from European slag cement show that i t  has 
greater strength than most Natural cements and compares favorably 
with the best Portlands.
The discovery that powdered slag possessed hydraulic proper­
ties  led to its  indiscriminate use as an adulterant fo r  Portland 
cement, and this brought upon it  the suspicions of the engineering 
profession. This odium is gradually disappearing. Slag cement is  
becoming better appreciated as its  f ie ld  o f usefulness becomes known.
The greatest d ifficu lty  in the manufacture is  in eliminat­
ing the sulphur, and until this can be done cheaply and quickly slag
__________________________________________________________________________________________________
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cement can not enter into active competition with Portland cement.
Ordinarily slags low in s ilica  and high in lime and alumina 
are best suited for cement manufacture.
European experimenters have found that slag cement should 
not be used in dry places. An English investigator also found that 
slag cement powder depreciated only 5 per cent during an exposure of 
f ifteen  months to the atmosphere. He claims that i f  the cement is 
kept away from moisture, i t  can be stored indefin itely without 
appreciable deterioration.
Prom the experiments described above the writer concludes;
1. Slag cement No.l is  much in ferior to Alpha and Dyckerhoff in 
strength, and is greatly affected by changes in temperature. It is  
unfit for  mortar to be exposed to dry a ir , since it  contains ob ject- 
tionable amounts of lime and sulphides.
2. Slag cement No.2 compares favorably with Alpha and Dyckerhoff
cement in every respect.
3. Both cement No.l and No.2 exhibit good cementing properties, 
and the early strength is  not increased by extremely fine grinding.
4. They are less affected by the amount of water used in gaging 
than Alpha and Dyckerhoff cement.
5. Slag cements No.l and No.2 are affected by the action of sea 
water to about the same extent as the Portlands.
6. Great care is  necessary to get slag cement No.l thoroughly 
incorporated with the sand and the water in the mortar.
7. When the slag is su fficiently  desulphurized and the proper 
amount of lime is added, slag cement w ill compare favorably with 
Alpha and Dyckerhoff Portland cements, and may rightly be classed as 
a Portland. Efi / Q.
